Sowa G, Agarwal S: Cyclic tensile stress exerts a protective effect on intervertebral disc cells. Am J Phys Med Rehabil 2008;87:537-544. Objective: To examine the mechanisms behind the beneficial effects of motion-based therapies, the hypothesis that physiologic levels of tensile stress have a beneficial effect on annulus fibrosus cells was tested.
Promi sing clinical evidence continues to demonstrate the effectiveness of motion-based therapies in the treatment of low-back pain. [1] [2] [3] However, this evidence is largely based on outcome studies, providing little insight into the mechanisms behind the beneficial effects. Although biomechanical analyses can predict forces generated by movements of the spine, the effects at the cellular level are not known. Bone, tendon, and articular cartilage respond positively to controlled forces with increased cellular proliferation, matrix production, and improved biochemical profiles. 4 -6 This beneficial effect also exists in the cartilage of the intervertebral disc. Dynamic loading of the spine in animal models has demonstrated an anabolic effect of compressive force on the production of matrix structural proteins. 7 Similarly, physiologic levels of hydrostatic pressure stimulate production of proteoglycans and tissue inhibitors of metalloproteases, which slow matrix degradation. 8 As the annulus cells experiences tensile stress in vivo, 9 examination of changes in gene expression in response to tensile stress will lead to an understanding of how these forces have the potential to facilitate repair. However, beneficial changes in gene expression in response to tensile stress on the annulus fibrosus have not been reported previously. In vivo models applying tensile stress to the disc have demonstrated histologic improvements, 10 though proteoglycan content has been noted to decrease in response to tension placed on the disc. 11 As in vivo models of dynamic compression have demonstrated an effect on catabolic and anabolic gene expression in both the anulus and nucleus, which is magnitude dependent, 12, 13 examination of gene expression response to beneficial levels of tensile force will provide the information necessary to predict levels of stress expected to be anabolic or catabolic. This improved understanding of the cellular response to tensile stress, if coupled with modeling of disc forces experienced during various activities, could lead to development of novel, motion-based therapies capable of slowing or reversing damaging effects on the disc.
Mechanical stress does not act on the cell in isolation. In fact, there is increasing evidence that inflammatory mediators are critical in the regulation of structural changes of the intervertebral disc, and the effects of inflammation and mechanical stress may be synergistic. 14 Cells from both the annulus and the nucleus respond to proinflammatory stimuli. 15, 16 Proinflammatory cytokines, such as interleukin-1␤ (IL-1␤), interleukin-6 (IL-6), and tumor necrosis factor-␣ (TNF-␣) have been implicated in the pathogenesis and pain of degenerative disc disease. [17] [18] [19] [20] The chief mediators of matrix remodeling, matrix metalloproteases (MMPs), are regulated by these inflammatory cytokines and are increased in degenerative discs. [21] [22] [23] In fact, a polymorphism of the MMP-3 gene has been associated with increased incidence of degenerative disc disease in the elderly, underscoring the importance of the expression of this enzyme in disc degeneration. However, how physiologic mechanical force affects the expression of these early inflammatory mediators has not yet been established. Furthermore, as the inflammatory component is related to pain in intervertebral disc disease, an understanding of how mechanical forces interact with these inflammatory pathways will provide useful insight into the initiation of disc degeneration and low-back pain.
The development of appropriate motion-based therapies and preventative ergonomics to manage discogenic pain requires an understanding of the biochemical signaling induced by forces. Under axial compression of the disc, the annular fibers experience tensile strain, and the tensile properties are an extremely important determinant of mechanical failure of the disc. It was our goal to elucidate the biochemical response of annulus fibrosus cells to tensile stress. Fiber strains have been shown to be 6% or less in the annulus fibrosus under physiologic loading conditions. 25 Therefore, we tested the metabolic response of annulus fibrosus cells to 6% tensile strain, to mimic physiologic loading conditions. We examined the response of cells in a homeostatic environment as well as an inflammatory environment, mimicking disc disease, to evaluate the responses to mechanical force under both conditions. We monitored the expression of marker genes representing early mediators of the IL-1␤-induced inflammatory response (TNF-␣ and inducible nitric oxide synthase [iNOS]), mediators of matrix degradation (MMP-3 and -13), and structural genes (collagen I, II, and aggrecan), to examine both anabolic and catabolic effects of mechanical forces. Through this, we tested the hypothesis that mechanical forces act on healthy and inflamed disc cells to generate molecular signals that regulate the early determinants of cell metabolism.
MATERIALS AND METHODS Isolation of Intervertebral Disc Fibrochondrocytes and Culture Conditions
The annulus fibrosus of the lumbar spine segment of 10-to 12-wk-old female Sprague-Dawley rats was aseptically excised immediately after sacrifice. All protocols were approved by the institutional animal care and use committee at The Ohio State University. Tissue was minced and digested in 0.2% trypsin followed by 0.25% collagenase to release fibrochondrocytes from the matrix. The cells were suspended in Ham's F12 medium (Cellgro, Mediatech), 10% fetal bovine serum (Hyclone, Logan, UT), 1% penicillin/streptomycin (Cellgro, Mediatech), 2 mM glutamine (Gibco, Invitrogen), and grown to 95% confluence in 5% CO 2 , 37°C, pH 7.2. These cells have been shown to maintain their fibrochondrocytic phenotype under these conditions. 26 Second-passage fibrochondrocytes were plated onto six-well culture plates with a silicone membrane coated with collagen I (Bioflex, Hillsborough, NC) at a density of 50,000 -60,000 cells per well and grown to 95% confluence. Three wells were dedicated to each condition, and the cell lysates were pooled from these three wells for mRNA isolation, as described below. Medium was changed to Ham's F12, 1% fetal bovine serum, 1% penicillin/streptomycin, 2mM glutamine, 18 hrs before each experiment, to decrease the background. Cells were placed under four conditions: control (C), interleukin stimulated (IL), mechanically stressed (S), and interleukin stimulated with mechanical stress (SIL), as described below; each condition was repeated in triplicate.
Stimulation of Fibrochondrocytes
Cells in the IL and SIL groups were stimulated immediately before initiating tensile strain by the addition of recombinant human IL-1␤ (CalBiochem) directly to the culture well, to a final concentration of 1 ng/ml.
Application of Cyclic Tensile Force
Cells in the S and SIL groups were subjected to tensile strain, using a Flexercell Strain Unit FX-4000 (Flexcell International Corp., Hillsborough, NC). Using this system, a deformation of the surface of the plate is created via vacuum beneath the plate. The cells adherent to the membrane experienced uniform circumferential strain at 6% at a rate of 0.05 Hz for 4 hrs. Minimal (less than 1%) cell detachment occurs in response to this regimen. In addition, tensile strain in this range does not result in changes in cell phenotype of annulus fibrosus cells. 26 
Isolation of mRNA
Reactions were stopped after 4 hrs by washing the plates with phosphate-buffered saline, adding RLT lysis buffer (Qiagen, Valencia, CA) containing 1% ␤-mecaptoethanol, and detaching the cells from the membrane by mechanical disruption. We selected the 4-hr time point because, by this time, measurable differences in the control and experimental groups become pronounced, providing a reliable measure of cytokine-mediated induction of proinflammatory molecules and their inhibition by tensile strain. Prior studies in articular chondrocytes demonstrated that 4 hrs was the optimal time point for observed induction of inflammatory mediators in response to IL-1␤. 6 The resultant solution was passed through a Qiashredder, and mRNA was isolated using an RNA extraction kit (Qiagen, Valencia, CA) as recommended by the manufacturer, employing a DNAse I step to remove genomic material.
Real-Time Polymerase Chain Reaction
After heat denaturation, total RNA (1 g) was reverse transcribed in 30-l total volume containing 2.5 mM MgCl 2 , 0.25mM nucleotides, 4 U/l of Rnase inhibitor, 50 g/ml of oligo dT (Promega, Madison, WI), 20 U/l of M-MLV, and 10 mM DTT in 1 ϫ 1st strand buffer (Invitrogen, Hercules, CA). The resultant cDNA (4 l) was analyzed in duplicate via real-time polymerase chain reaction in iQ SYBR Green supermix (25-l total volume), using a Biorad iCycler IQ thermocycler (Biorad, Valencia, CA), followed by melting curve analysis to assure amplicon specificity. In addition, the specificity of the reaction was confirmed using 2% agarose gel electrophoresis. Primers were designed against ratspecific sequences available in GeneBank, using OligoPerfect Designer (Invitrogen, Valencia, CA), and they were screened against all available sequences in GeneBank to ensure specificity (see Table 1 ). A constitutively expressed housekeeping gene, glyceraldehyde phosphate dehydrogenase (GAPDH), was amplified under the same conditions with each sample to correct for any small differ- 
ences in starting amounts of mRNA. For quantitative gene expression, the comparative C t method was used as previously described. 27 After normalization using GAPDH, the relative gene expression was reported as fold expression compared with control, which by definition is set at one.
Statistical Analysis
Analysis of variance was performed to evaluate differences in mean values for each condition. This was followed by pairwise comparisons using post hoc t tests to compare each condition (IL, S, and SIL) with control (C), and SIL with IL. Using a Bonferroni correction, statistical significance was set at P Ͻ 0.0125.
RESULTS

Gene Expression in Response to Cyclic Tensile Strain
Inducible inflammatory gene expression (iNOS and TNF-␣) and MMP-3 did not show a statistically significant change in expression in response to tensile strain ( Figs. 1 and 2) . Interestingly, MMP-13 did show an approximately 50% decrease in expression after exposure to tensile strain (Fig. 2 ). Expression of the structural genes aggrecan and collagen I showed no change, and expression of collagen II showed a trend toward decreased expression, but this did not reach statistical significance (P ϭ 0.06) ( Fig. 3 ).
Gene Expression in Response to Inflammatory Stimulus
Inducible inflammatory gene expression demonstrated a large increase in expression in response to IL-1␤. A more than 40,000-fold increase in the expression of iNOS was observed, and TNF-␣ demonstrated a more than 75,000-fold increase (Fig. 1) . Similarly, catabolic gene expression demonstrated an increase, with MMP-3 increasing 20-fold and MMP-13 increasing sevenfold (Fig. 2) . The relative expression of structural genes collagen I, collagen II, and aggrecan was unchanged in response to inflammatory stimuli (Fig. 3 ).
Modulation of the Il-1␤-Induced Change in Gene Expression in Response to Cyclic Tensile Strain
The influence of mechanical strain on the gene expression of annular cells in an inflammatory environment can best be appreciated when the data are analyzed relative to gene expression in interleukin-activated cells (Fig. 4 ). Cyclic tensile strain was able to modulate the IL-1␤-induced upregulation of iNOS and TNF-␣, resulting in a decrease in gene expression by approximately 50% when compared with inflammatory stimulus alone. In examining catabolic gene expression, tensile strain was, again, able to modulate this response, with an approximate 50% decrease in gene expression of both MMP-3 and -13 compared with inflammatory stimulus alone. Whereas the gene expression of inflammatory and catabolic mediators was still increased over control cells in a homeostatic environment, tensile strain modulated the response of cells in an inflammatory environment.
The expression of the structural genes collagen I and aggrecan did not show a significant change when compared with control or IL-1␤-stimulated cells. Collagen II, however, did show a modest, though statistically significant, decrease in expression when compared with control and IL-1␤-stimulated cells (P Ͻ 0.01).
DISCUSSION
The clinical effectiveness of activity and lack of efficacy of bed rest in patients with low-back pain support a beneficial effect of motion on the spine. 28 Further support of this exists in the observation that the most physically active individuals have the strongest discs, as measured by mechanical property testing in cadaveric specimens. 29 These clinical observations are supported by our model system, in which we observed a protective effect of mechanical force. The positive effect of motion has previously been attributed to increased diffusion, resulting in enhanced nutrition and waste exchange. 30 However, short-term exercise does not seem to affect transport into the disc. 31 Therefore, with evidence that mechanical forces affect cell metabolism, an effect on the signaling pathways of remodeling and prevention of matrix degeneration of the disc must be considered. In fact, our data demonstrate that low levels of tensile stress actually act as a potent antiinflammatory and anticatabolic signal by decreasing the expression of proinflammatory mediators and degenerative proteases. This suggests that during conditions of acute inflammation that accompany painful flares, mechanical forces of physiologic magnitude may exert their beneficial effect through decreasing early inflammatory mediators and catabolic proteases. However, additional mechanisms are likely involved in the response of the intervertebral disc to such mechanical strain 32 ; these include not only the gene expression changes noted here, but also changes in the regulation of protein translation and posttranslational modifications, which were beyond the scope of this study. Importantly, enzyme activation and posttranslational modifications such as glycation and collagen crosslinking 33, 34 have implications in the mechanical properties of the tissue and may be altered in response to mechanical stress. In addition, our data examine the gene expression result at only one time point and do not take into account the kinetics of the mRNA expression changes, which could affect the resultant protein expression levels. We selected a 4-hr time point because, in similar cell types, measurable differences in the control and experimental groups become pronounced and provide a reliable measure of cytokine-mediated induction of proinflammatory molecules and their inhibition by tensile strain, 6, 35 and our goal was to examine the earliest changes associated with the cellular response to inflammatory and mechanical stimuli. Understanding how the magnitudes of stress used in this in vitro study compare with those experienced by the cells in vivo through different physiologic motions will be necessary to facilitate clinical translation of these effects.
Interestingly, our results show no evidence of catabolic effects in response to this level of tensile stress. This differs from previous studies on mechanical forces in the annulus fibrosus. A previous study of rabbit anulus fibrosus fibrochondrocytes exposed to cyclic tensile stress has demonstrated a decrease in proteoglycan production and an increase in nitric oxide production at 5% elongation, 36 suggesting a catabolic effect of this magnitude of strain. However, the frequency used in this study was 1 Hz, which is 20-fold higher than that used in our study. Similarly, vibratory loading of cells from the annulus fibrosus results in catabolic activity and disruption of the disc matrix in the annulus fibrosus. 37 It can be expected that such a high-frequency force may be traumatic, whereas lower-frequency force, as used in our study, would be protective. Similarly, a magnitude dependence seems to exist as well. Tensile stress at 20% results in increased expression of cyclooxygenase-2 and phospholipase A 2 . 38 This magnitude dependence also occurs in compressive studies of the nucleus pulposus, where traumatic levels of force are associated with deleterious matrix changes, 39 and lower magnitudes of load result in an anabolic response. 40, 41 These experimental data have a clinical correlate in that the most serious spine pathology relates to the highest and lowest degrees of physical activity, with moderate physical work loading of the spine providing a relative protective effect. 42 It is becoming increasingly clear that mechanical forces applied to the intervertebral disc can produce both tissue trauma and beneficial adaptive changes. 43 This point warrants further study.
Tensile stress alone demonstrated minimal effect on inducible inflammatory mediators. This is somewhat intuitive, because in a noninflammatory environment these mediators are not present in an appreciable amount. Therefore, an antiinflammatory therapeutic intervention would not be expected to have an effect. In examining markers of matrix homeostasis, MMP-3 gene expression was not affected by tensile strain. However, the decreased expression of MMP-13 in response to tensile stress suggests that it may be exquisitely sensitive to mechanical force. Thus, MMP-13 may be one of the molecules responsible for the protective effect of mechanical force through decreasing the baseline catabolic response on the matrix. Certainly, MMP-13 previously has been shown to be involved with disc degeneration, 23 but our findings are unique because they suggest that MMP-13 has greater sensitivity to mechanical forces, even under conditions of homeostasis. In addition, the lack of an observed effect of mechanical force on structural gene regulation (collagen and aggrecan) suggests that physiologic levels of stress do not directly modulate structural gene expression but may instead act through altering expression of metalloproteases responsible for matrix turnover. This is consistent with prior studies that have demonstrated no effect on aggrecan or biglycan mRNA expression after exposure to tensile stress for up to 24 hrs. 36 The robust increase in expression of inducible inflammatory and catabolic genes in response to IL-1␤ was expected, because the annulus fibrosus is known to be responsive to the effects of IL-1␤. 16 In addition, this result is consistent with previous work demonstrating increases in these catabolic enzymes under conditions of injury. 44 Interestingly, our study demonstrates no effect on the expression of structural genes in response to IL-1␤ after 4 hrs. This suggests that under conditions of inflammation, the earliest mediators of damage include cytokines and metalloproteases, as opposed to direct regulation of structural gene expression. Although it is possible that translational control of matrix proteins is also affected, these data demonstrate that the earliest upstream signals affected by mechanical stress include the catabolic mediators. This is valuable information in considering therapeutic targets to reverse the destructive effects of the inflammatory response. Certainly, after prolonged exposure to either mechanical strain or inflammatory stimulus, it is likely that structural gene expression may be altered. However, our data suggest that this likely involves signaling through upstream pathways.
Our data demonstrate a decrease in collagen II expression after exposure to tensile strain in an inflammatory environment. Interestingly, in the absence of tensile strain, as is seen in experimental denucleation, collagen II is increased in the anulus. 45 Because the proportion of collagen I/collagen II is important for the material properties of the annulus and is altered in disc degeneration, maintenance of a collagen I-predominant matrix may be required for optimal functioning. It is not clear why collagen II may be more sensitive to mechanical strain than collagen I or aggrecan, and this question warrants further investigation. Because collagen II is a more significant contributor in human annulus fibrosus compared with quadruped annulus fibrosus, 46 this may be even more relevant in humans.
Conclusions regarding our results are limited to an in vitro environment, and responses may differ in cells within their native matrix. However, this model provides us with a powerful experimental platform to test the effects of various magnitudes and frequencies of tensile strain on cell metabolism. The use of a cell culture system has the advantage of allowing for careful control of the mechanical stimuli and manipulation of the local environment, such as addition of inflammatory stimulus. Our data are the first to demonstrate an antiinflammatory and protective effect of tensile strain on the annular cells of the intervertebral disc, and they contribute to the understanding of the beneficial effects of motion on the spine. Future studies comparing measurements of intervertebral disc strains experienced during different movements with changes in cell metabolism will provide the information necessary to begin to consider rational design of therapeutic exercise. The goal of such work would be to assist the clinician in predicting movements that could be expected to be reparative vs. traumatic on the basis of appropriate models. Such an approach would have the potential to lead to extremely cost-effective and broadly applicable approaches to tissue healing in intervertebral disc disease. These data represent initial building blocks to lead to an improved understanding of how mechanical forces can be exploited to initiate repair.
